We previously reported that long-term hypoxia (LTH) increases expression of brown adipose tissue (BAT) genes in the perirenal adipose in the ovine fetus. The mechanisms with which hypoxia mediates the enhanced BAT phenotype are unresolved. This study was designed to examine the effects of LTH on (1) the expression of endothelial cell nitric oxide synthase (eNOS) and (2) indicators of mitochondrial biogenesis (transcription factors mitochondrial transcription factor A (mtTFA), nuclear respiratory factor (NRF) 1, and NRF-2; cytochrome c oxidase (COX) I, II, and IV and mitochondrial DNA content). Pregnant ewes were maintained at high altitude (3820 m) from *40 to 137 to 140 days of gestation and perirenal adipose was collected from normoxic control and LTH fetuses. There was no effect of LTH on fetal body weight or perirenal adipose mass. Long-term hypoxia increased (P < .05) perirenal eNOS and phospho-eNOS, messenger RNA (mRNA) for NRF1, NRF-2, mtTFA as well as COX-I, COX-II, and COX-IV mRNA. In contrast, mRNA for 2 markers for cellular proliferation (Ki67 and proliferating cell nuclear antigen [PCNA]) was lower in perirenal adipose from LTH fetuses compared to controls (P < .05), while mitochondrial to nuclear DNA ratio did not differ between groups. In conclusion, nitric oxide may function as a mechanism via which LTH enhances the BAT phenotype in fetal sheep prior to birth. Although there is an apparent increase in genes supporting mitochondrial function and adaptive thermogenesis in response to LTH, there does not appear to be an increased mitochondrial biogenesis per se. Such adaptive changes may provide a mechanism for the prominence of the BAT phenotype observed in the late gestation LTH fetus.
Introduction
There is a significant deposition of perirenal adipose tissue from mid-gestation through term pregnancy in both sheep and human fetuses. 1, 2 This fetal adipose tissue has characteristics of both brown and white fat, with the brown fat phenotype predominating at birth. 1 After birth, the perirenal fat rapidly transitions to a white fat phenotype, although recent studies show that a small number of brown adipocytes persist into adulthood in this fat deposit. 3 A major function of fetal perirenal fat is to provide for effective thermoregulation immediately after birth and through the early neonatal period. Critical to this function, brown fat expresses high levels of uncoupling protein 1 (UCP1), a mitochondrial protein that catalyzes adaptive thermogenesis via increasing the proton conductance of the inner mitochondrial membrane. [4] [5] [6] Perirenal fat also provides the neonate with an essential component of energy homeostasis and storage during the early neonatal period.
Gestational hypoxia, defined as moderate sustained hypoxia over the course of gestation, represents a common major threat to the fetus, occurring in situations such as preeclampsia, 7, 8 maternal heart disease, 9, 10 obesity, 11 placental insufficiency, 12, 13 smoking, 14 and high altitude. 15 We have shown that long-term (from *40 days of gestation, term is *147 days) moderate (decline in fetal PO 2 from *23 to *18 mm Hg) gestational hypoxia (LTH) in sheep has a significant impact on perirenal adipose in the ovine fetus resulting in increased expression of UCP1. 16, 17 In this regard, we reported increased expression of genes regulating brown adipose differentiation, including expression of UCP1, PPARg, PGC1a, PRDM16, and proteins regulating local tissue concentration of hormones essential for differentiation and function of this brown fat source in the ovine fetus, such as 11b hydroxysteroid dehydrogenase type I (HSD11B1; cortisol production), deiodinase type II (T 3 production), and the b3 adrenergic receptor (sympathetic activation of brown fat at birth). 17, 18 Thus, development under conditions of sustained moderate hypoxia impacts fetal perirenal fat differentiation reinforcing the brown fat phenotype.
The mechanism via which LTH mediates and maintains the noted changes in fetal perirenal adipose is presently unknown. However, using the endothelial cell nitric oxide synthase (eNOS) null mouse, Nisoli et al 19 demonstrated that nitric oxide (NO) regulates PPARg, PGC1a, and UCP1 expression in brown adipose tissue. In addition, transcription factors regulating mitochondrial biogenesis and function, nuclear respiratory factor 1 (NRF1), and mitochondrial transcription factor A (mtTFA) were suppressed in eNOS null mice, as was mitochondrial biogenesis. The brown fat deposits of eNOSdeficient mice also had notably less multilocular adipocytes with a shift toward unilocular adipocytes. We demonstrated that eNOS expression is upregulated in the adrenal cortex of the LTH sheep fetus 20, 21 and circulating levels of NO were also reported to be elevated in LTH fetal sheep. 22 In the present study, we explore the possibility that LTH increases expression of eNOS as well as key transcription factors (mtTFA, NRF1, and NRF2), governing expression of the mitochondrial genome and mitochondrial biogenesis. We also assessed the expression of mitochondrial and genomic genes under regulation by these transcription factors involved in mitochondrial electron transport chain (the mitochondrial genome-encoded gene, COX-1, and the nuclear genomeencoded gene, COX-IV). Finally, we examined the effect of LTH on markers of cellular proliferation and mitochondrial biogenesis (Ki67 and proliferating cell nuclear antigen; PCNA) as well as adipose structure (multi-vs unilocular fat) in the perirenal adipose of the late-gestation ovine fetus.
Methods

Animals
All procedures involving animals were conducted with approval of the Institutional Animal Care and Use Committee (Loma Linda University School of Medicine). Pregnant ewes (n ¼ 6) were maintained at the Barcroft Laboratory White Mountain Research Station (elevation 3820 m) from *40 days of gestation (40 dG) through 137 to 138 dG (term ¼ *147 days). Upon arrival at Loma Linda University Medical Center Animal Research Facility (elevation: 346 m), arterial and nonocclusive tracheal catheters were surgically placed as we previously described. [23] [24] [25] Maternal PO 2 was maintained at *60 mm Hg for the LTH ewes by adjusting the flow of humidified nitrogen (N 2 ) gas through the maternal tracheal catheter. Normoxic control ewes (n ¼ 6) were maintained near sea level (*300 m) throughout gestation. For both groups, food and water were ad libitum and of the same nutritional plane; unlike rodents, sheep do not exhibit altitude-induced anorexia as both LTH and control ewes have a similar body composition.
Between 139 and 140 dG, control and LTH ewes were sedated with pentobarbital and maintained under general anesthesia with halothane (1.5% to 2%) in oxygen. Fetuses were delivered through a midline laparotomy and immediately euthanized by exsanguination. Perirenal adipose tissue was collected from the anterior pole of the kidney and immediately frozen in liquid nitrogen and stored at -80 C until analyzed. There was an even distribution of male and female fetuses in each group (n ¼ 3 male; n ¼ 3 female fetuses/group).
An additional cohort of LTH and control fetuses (age 139 to 141 dG) was used to collect and weigh perirenal fat. We did not collect tissue from these animals for molecular and biochemical analysis due to the length of time needed to collect the entire perirenal fat mass.
Quantification of messenger RNA via Real-Time Polymerase Chain Reaction
Real-time quantitative reverse-transcription polymerase chain reaction (pRT-PCR) was used to quantify messenger RNAs (mRNAs) for both the nuclear-expressed genes: transcription factors regulating mitochondrial transcription (mtTFA, NRF1, and NRF2), cytochrome oxidase IV (COX-IV), NOS-1 (nNOS), NOS-2 (iNOS), NOS-3 (eNOS), and cellular proliferation markers, Ki67, PCNA as well as the mitochondrial expressed cytochrome oxidases I and II (COX-I and COX-II). The primer sequences are provided in Table 1 . We have previously described and validated the methods for qRT-PCR for a variety of genes in our laboratory. 17, 24, 26 Total RNA was prepared from perirenal adipose tissue (n ¼ 6 per group for control and LTH fetal sheep) with an RNA preparation kit as per manufacturer's instructions (Qiagen, Inc, Valencia, California). Prior to reverse transcription, residual genomic DNA was removed from total RNA with DNase I (1 unit, 60 minutes at 37 C; Ambion, Inc, Austin, TX, USA). The DNase I was subsequently removed from the RNA samples via PCR clean-up columns (Qiagen, Inc). An initial denaturation step was performed for 5 minutes at 95 C prior to first strand synthesis at 42 C for 50 minutes. Reverse transcription was then performed using 1 mg total RNA, with oligo dT as the primer, and Superscript II as reverse transcriptase; the reaction was terminated by heating to 70 C for 15 minutes.
Real-time PCR was performed using 50 ng of complementary DNA (cDNA; assumed equal to input RNA) per PCR. All PCR were performed in triplicate. Initial qRT-PCRs were performed using serial dilutions of cDNA ranging from 250 to 15.625 ng (250, 125, 62.5, 31.25, and 15.625 ng) to determine that the quantity of cDNA used for analysis of each specific mRNA was within the linear range of amplification for each primer. For each mRNA, the starting amount of cDNA for qRT-PCR used was within the linear amplification range. For each primer set, the amplicon was directly sequenced by Sanger dideoxysequencing (Oklahoma Medical Research Foundation Sequencing Core, Oklahoma City, Oklahoma) to confirm amplicon identity. Sybr Green (1 X Sybr green master mix; Biorad, Hercules, California) was utilized as the fluorophore and PCR was performed utilizing a Biorad iCycler equipped with the real-time optical fluorescent detection system. The primer sequences were derived from ovine or bovine cDNA sequences obtained from the National Center for Biotechnology Information (NCBI). The NCBI accession numbers used are listed in Table 1 . A three-step PCR was used: 95 C for 45 seconds, annealing (primer specific ranging between 55 C and 60 C) for 30 seconds, and 72 C extension for 30 seconds. A total of 35 cycles were performed. A melt curve analysis was conducted on each sample after the final cycle to ensure that a single product was obtained, and agarose gel electrophoresis confirmed that the single PCR product was of the expected size. We used cyclophilin as a ''housekeeping'' mRNA, using the identical first-strand cDNA used for quantification of specific mRNAs of interest and in the same PCR run as for the gene of interest to circumvent any between run variation. As we previously reported, [25] [26] [27] cyclophilin and GAPDH are equally efficacious when used as internal housekeeping mRNAs in our real-time PCR application and, unlike GAPDH, cyclophilin is not subject to glucocorticoid regulation. Control PCR for each primer pair and RNA source included (1) elimination of reverse transcriptase during first-strand cDNA synthesis (assures that PCR product depends upon RNA) and (2) no RNA/cDNA in reversetranscription reaction (assures that no amplicon contamination has occurred). Primers were utilized that provided (1) a single PCR product (identity confirmed by sequencing), (2) dilution curve of cDNA exhibited a slope of 100% + 10% ''efficiency'' where 100% ¼ D3 Ct/log cDNA input (Ct is the threshold PCR cycle at which fluorescence is detected above baseline), and (3) the melt curve analysis post-PCR must demonstrate 1 product. For quantification purposes, a synthetic single-stranded DNA standard was used to generate a standard curve (100, 10, 1, 0.1, 0.01, and 0.001 pg of standard DNA) for extrapolation of starting cDNA concentrations per reaction. Each standard point was run in duplicate and in the same PCR block as the unknowns. Linear regression was used to quantify starting RNA (cDNA) based on Ct values as extrapolated from the standard curve. The efficiency of the standard and primers was 100% based on the above-mentioned criteria. 
Polymerase Chain Reaction Quantification of Mitochondrial and Genomic DNA
Total DNA (nuclear genomic and mitochondrial) was prepared from perirenal adipose using a commercial kit that extracts both genomic and mitochondrial DNA (DNA preparation kit #51306; Qiagen, Inc). DNA (1 ng for mitochondrial DNA and 10 ng for genomic DNA) was subjected to PCR using primers for the mitochondrial gene COX-I and nuclear gene, the glucocorticoid receptor (GR). A DNA standard curve was used to quantify the mass of DNA present for both mitochondrial and nuclear genes. The ratio of mitochondrial DNA to genomic DNA was compared as indices of mitochondrial genomic DNA in the fetal perirenal adipose tissue. We also determined the relative amounts of genomic and mitochondrial DNA per input mass (gram) of adipose tissue to assess differences in cellularity.
Western Analysis
Frozen ) were incubated overnight at 4 o C (in TTBS with 5% NFDM) with the primary antibodies against eNOS or phospho-Ser 1177 eNOS at concentrations specified by primary antibody suppliers (Cell Signaling, Inc, Danvers, Massachusetts). We were not able to find commercial antibodies that recognized ovine NRF-1, NRF-2, or mtTFA. Membranes were then washed extensively with TTBS and detection was performed using horseradish peroxidase conjugated secondary antibodies (Perkin-Elmer, Boston, Massachusetts) and an enhanced chemiluminescence (Western lightning chemiluminescent reagents) detection system (Perkin Elmer) and finally exposed to X-ray film (Bioexpress, Kaysville, Utah). We have previously published this methodology in our laboratories for NOS isoforms and other proteins. 20, 23, 25 Locule Size and Distribution
Tissue fixation and sectioning methods were similar to those we previously described. 20 Briefly, perirenal adipose tissue was collected and fixed in 4% paraformaldehyde. Following fixation, the tissue was washed in multiple changes of phosphate-buffered saline (0.01mol/L) for 48 hours followed by 70% ethanol for 24 hours. Tissues were then embedded in paraffin and 5 mM sections were cut, followed by staining with hematoxylin and eosin. Images were captured at 20Â magnification using a Zeiss microscope and SPOT advanced camera equipment. For each specimen, 4 separate quadrants (area ¼ 3.5 Â 10 6 mm 2 ) were examined and locule number and area were determined using Image Pro Analysis software. An average value was then determined for each sample. The crosssectional area of the dominant locules (mm 2 ) was categorized based on the size parameters previously outlined by Yuen et al 28 and the distribution of size ranges (percentage of total area) was determined.
Statistical Analysis
Differences between normoxic control and LTH fetuses in mRNA and protein for each gene of interest were compared using Student's 2-tailed t test (GraphPad/Prism Software, vs 4.0; GraphPad Software, San Diego, California). Significance was set at the .05 level; all data are presented as mean + standard error of the mean (SEM). 
Results
Fetal Anthropometrics
Expression of NOS
Development under conditions of LTH resulted in a significant (P < .05) elevation in mRNA for eNOS compared to control fetuses ( Figure 1A) . Levels of mRNA for iNOS ( Figure  1B ) and nNOS ( Figure 1C ) were *10-fold less abundant compared to eNOS. Levels of mRNA for iNOS were higher in LTH compared to control fetal perirenal adipose (P < .05) while nNOS mRNA levels were similar between the 2 groups. Protein levels of eNOS were also significantly (P < .05) elevated in the perirenal adipose of LTH fetuses compared to control fetuses as were levels of phosphorylated serine 1177-eNOS (P < .05; Figure 2 ). The ratios of phosphorylated eNOS to eNOS were similar between LTH and control perirenal adipose indicating that the increased phosphorylation state reflected increases in eNOS protein rather than signaling pathways governing eNOS activation.
NRF-1, NRF-2, and mtTFA and COX-I, II, and IV mRNA
Concentrations of mRNA for both NRF-1 and NRF-2 were significantly (P < .05) elevated in LTH compared to control perirenal adipose ( Figure 3A) . Similarly, concentrations of mRNA for mtTFA were elevated in the perirenal adipose of LTH fetal sheep (P < .05; Figure 3A ). Messenger RNA for the mitochondrial genes, COX-I and COX-II, as well as the nuclear COX-IV were elevated (P < .05) in the perirenal adipose of LTH fetal sheep ( Figure 4A -C). The LTH had no effect on mRNA for the housekeeping gene, cyclophilin, in adipose tissue compared to controls ( Figure 3B ).
Mitochondrial and Chromosomal DNA and Cellular Proliferation Markers
Levels of chromosomal DNA on a per gram wet weight basis were lower in the perirenal adipose of LTH fetuses compared to control fetuses ( Figure 5A ). When comparing mitochondrial DNA and chromosomal DNA based on total DNA input, there were no differences between LTH and control perirenal adipose, and the ratio of mitochondrial: chromosomal DNA was not different between the 2 groups ( Figure 5B and C) . Messenger RNA levels for both Ki67 and PCNA were significantly (P < .05) lower in perirenal adipose from LTH fetuses compared to control fetuses indicative of lower levels of cellular proliferation ( Figure 6 ). Figure 7A illustrates the uni-and multilocular makeup of the perirenal adipose tissue from control and LTH fetuses. In both groups, the largest number of dominant locules was in the >75 mmol/L 2 category ( Figure 7B ) but there was no difference in the locule number between control and LTH tissues. Likewise, the percentage of locule area occupied by each locule size category did not differ between groups ( Figure 7C ).
Locule Size and Distribution
Discussion
We previously reported that the perirenal adipose of the late gestation LTH fetus has increased expression of a variety of genes consistent with an increase in the brown fat phenotype of this tissue, including UCP1, a mitochondrial protein integral in nonshivering thermogenesis in the newborn. PGC1a, a master regulator of the brown fat phenotype, was also increased in fetal adipose in the late gestation LTH fetus providing a potential mechanism via which LTH alters expression of a cassette of genes governing the differentiation and function of this important tissue. Previous studies in sheep have also identified a fundamental role for the exponential rise in fetal plasma cortisol during late gestation in the attainment of the brown fat phenotype of fetal perirenal adipose. 29 Although LTH does not alter the ontogenic increase in fetal plasma cortisol during late gestation, we did observe a significant increase in expression of both HSD11B1 and DIO2 in the perirenal adipose of LTH fetuses. Thus, enhanced local cortisol and T 3 production may also promote the increased brown fat phenotype in the LTH fetal perirenal fat.
Since adaptive thermogenesis is based on uncoupling of the mitochondrial electron transport chain via UCP-1 and the wellnoted observation that brown fat has elevated numbers of mitochondria compared to white adipose tissue, 5, 30 the present study focused on the question of whether or not LTH increased indices of mitochondrial biogenesis and/or expression of both nuclear and mitochondrial genes that support mitochondrial function. It was noted in mice that eNOS played an important role in mitochondrial biogenesis in brown fat and that the role of eNOS was upstream from PGCa1. 19 We found that eNOS was the major NOS isoform expressed in the perirenal adipose of both LTH and control fetuses during late gestation. Expression of eNOS (both mRNA and protein) and phosphorylated eNOS (Ser 1177) were elevated in the perirenal adipose of the late gestation LTH fetus. However, the ratio of eNOS to phospho-eNOS was similar indicating that the increased phosphorylation of eNOS reflected the increased expression of this NO synthase and not upstream signaling pathways and/or kinase activity that phosphorylates eNOS.
In mouse brown adipocytes, NO generation is associated with increased expression of PGC1a, as well as NRF-1 and mtTFA, and that cGMP likely mediates the effects of NO on this expression. 19 We previously reported increased expression of PGC1a, which, in turn, has been shown to increase expression of NRF-1 and mtTFA. In the present study, we observed elevated expression of NRF-1, NRF-2, and mtTFA, key transcription factors governing expression of both genomic and mitochondrial genes necessary for mitochondrial function, including both mitochondrial (COX-I and COX-II) and nuclear (COX-IV) cytochrome oxidases in the perirenal adipose of late gestation LTH fetuses. As anticipated from the observed increase in NRF-1 and mtTFA, COX-I, II, and IV expression was increased as well.
Considering that PGC1a and mtTFA also govern mitochondrial DNA synthesis and biogenesis, we addressed mitochondrial DNA content relative to nuclear DNA. Surprisingly, despite other indicators of enhanced mitochondrial biogenesis (increased expression of COX-I, COX-II, and COX-IV), we noted no differences in the quantity and/or ratio of mitochondrial to nuclear DNA in the perirenal adipose between control and LTH fetal sheep. We did find that per gram input of perirenal adipose tissue that the amount of nuclear DNA was less in the LTH fetuses indicative of a decreased cellularity. Commensurate with these observations, expression of 2 markers for cellular division, Ki67 and PCNA, were significantly lower in the perirenal adipose of the late gestation LTH fetus. We also found that the locule size and distribution in the perirenal adipose are similar between control normoxic and LTH fetuses. However, there could be a decrease in cellularity, either through reduced recruitment of additional preadipocytes or other cell types supporting adipose function such as endothelial cells. An additional hallmark of brown fat is an increased vascular supply compared to other nonthermogenic (white fat) deposits.
Although we did not find an increase in mitochondrial DNA, the increase in cytochrome oxidases as well as the transcription factors governing mitochondrial function (mtTFA and NRF-1 and NRF-2) implicates an enhanced thermogenic potential of LTH perirenal adipose. Further, mitochondrial fusion may also be increased in the LTH fetal perirenal adipose that would enhance the thermogenic potential of this tissue; however, we did not attempt to isolate mitochondria or perform electron microscopy to pursue this possibility. The increased brown fat phenotype (eg, UCP-1, PGC1a, COX-I, II, and IV) observed in the perirenal fat in response to LTH, and thus enhanced potential for thermogenesis or energy expenditure from this tissue at birth seems paradoxical considering the hypoxic state in which oxygen is limiting. However, Nisoli et al 31 reported that caloric restriction in mice was accompanied with increased mitochondrial biogenesis in various tissues, including adipose, as well as oxygen consumption. This too seems counterintuitive since energy substrate in caloric restriction is limited. However, enhanced mitochondrial biogenesis is associated with increased b-oxidation of fats as an energy source and thus in the LTH fetus, enhanced mitochondrial function may be a means of preparing the fetuses to use perirenal fat as an energy source postbirth. Further, Nisoli et al 31 noted that NO was a key player in the increased mitochondrial biogenesis in response to caloric restriction.
In the LTH fetus, the increased brown fat phenotype of perirenal fat we have previously reported as well as the findings of the present study are likely due to the hypoxic environment and not cold activation. The lower critical temperature (LCT) is the air temperature at which a homeotherm must increase its heat production to prevent hypothermia. At some temperature below the LCT, animals experience a drop in body temperature. The ewe's body temperature would have to drop first in order for the fetus to observe a decrease in body temperature. For a sheep on full feed, the LCT is À20 C. 32 The average daytime temperature at White Mountain Climate Station No. 2 (ie, the Barcroft facility at 3800m) is 11.1 C while the nighttime temperature is 1.1 C for the summer months that the ewes are maintained at the station. Thus, the ewes are 20 to 30 C above their LCT. Thus, the changes in gene expression we have observed in the perirenal fat in the LTH fetus are the result of LTH and not a cold stimulus due to a decrease in environmental temperature.
There has been recent debate about whether or not the perirenal adipose of larger mammalian fetuses such as sheep or humans reflects a true BAT per se, or is a fetal version of the recently described ''beige'' adipose. 1 Indeed, unlike true BAT (eg, suprascapular), fetal perirenal adipose exhibits characteristics of not only BAT but that of white adipose tissue (WAT). 33, 34 The beiging of WAT in response to thermogenic stimuli refers to the noted induction of UCP-1 and other genes of BAT (eg, DIO2 and PGC1a) in white adipose. It still remains unclear if the beiging response is due to the transdifferentiation of white adipocytes to beige adipocytes or via the induction of so-called brown-in-white (BRITE) adipocytes that reside within WATs. The noted dramatic loss of the BAT phenotype in perirenal adipose during the first 7 days postbirth in lambs, while retaining and expanding the WAT phenotype support the concept that this fat deposit is not a true BAT, but rather a ''beiged'' WAT deposit. 1 Thus, our findings that LTH induces PGC1a, NRF-1/2, and mtTFA but not indices of increased mitochondrial biogenesis would support that fetal perirenal adipose is a WAT deposit that does not respond to these factors in a manner reflective of BAT. Clearly, fetal perirenal adipose tissue represents a unique adipose deposit by virtue of its ability to express a robust BAT phenotype. Considering the potential for BAT or beige fat induction in adults as a means of ameliorating obesity and metabolic disorders, understanding the means via which BAT genes in perirenal adipose are induced may provide a way to reinduce their expression in adults to combat the obesity epidemic.
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